The LHC beam dumping system must safely abort the LHC beams under all conditions, including those resulting from abnormal behaviour of machine elements or subsystems of the beam dumping system itself. ?he extraction channels must provide sufficient aperture both for the circulating and extracted beam. over the whole energy range and under various beam parameters. These requirements impose tight constraints on the tolerances of various exuaction channel components, and also on the allowed range of beam positions in the region of these components. Operation of the beam dumping system under various fault states has been considered, and the resulting apatures calculated. After describing briefly the beam dumping system and the extraction channel geometry, the various assumpions made in the analysis are presented, before deriving tolerance limits for the relevant equipmnt and beam parameters.
INTRODUCTION
The beam dumping system is a vital element of the LHC. where 340M1 of energy is contained in each circulating beam and where a single nominal intensity high energy bunch could melt or damage a metallic surface [I] . ' h e concept of the beam dumping system is to fastextract the beam in a loss-free way from each ring of the collider and to transport it to an external dump, positioned sufficiently far away lo allow for appropiate beam dilution. lhis requires a picle-free gap in the circulating beam for the rise time of the extraction kicker.
The layout of the system under cousuuction in straight section 6 of the LHC is shown in Figure I 
FAILURE MODES
The beam dumping system acts at the request of the machine protection system which collects the status and messages from all critical machine subsystems. Although great effon is undenaken in maximising the reliability of the dumping system (e.g., appropriate margins. redundancy, autonomy, failure tolerant signal transmission, and by monitoring of all vital parameters), failures canna be totally excluded [31. 'the effects of off-normal operating conditions arising from the LHC machine proper are grouped together and treated under local orbit excursions and emittance growth.
APERTURE FOR CIRCULATING BEAM
From 161, for the normal machine the specification to be met is n, t 7.0. For this analysis an extra factor 1.17 is added to the B for variations in the LHC tune.
At TCDS
The 
At MSDC vacuum chamber
The outside position of the chamber is +28.2mm (-20.2 inside), which provides a fairly comfortable apenure for the circulating beam where at an orbit excursion of 1 mm the apenure remains above nl = 6.5. 
APERTURE FOR EXTRACTED BEAM UNDER NORMAL CONDITIONS
The width of the MSD septum and the assumed closed orbit errors define the geometrical shape of the TCDS protection element. The total width of the MSDC septum and vacuum chambers (including tolerances) is 28.3 mm.
The static closed orbit IS assumed to be held to 5 2 mm.
For the aperture calculation the total oveshoot of the MKD kicker waveform is taken to be 10% 171. 
APERTURE FOR EXTRACTED BEAM FOR OFF-NORMAL LHC OPERATION
The dump channel must also accept off-normal LHC operating conditions, manifested as fast orbit excursions and/or an emittance increase. These events are certain to occur during the LHC lifetime, and dump actions are highly likely to be associated with unstable or off-normal beam conditions, so the possible m g e of parameters must not result in damage to the LHC, including the dumping system itself. Ideally these failures should also not result in any losses in the extraction channel.
TCDS damage limits
For the various parameters described in table I, together with the nominal and 14/15 MKD case, the aperture of the dump channel was evaluated and the resulting impacting number of protons on the TCDS calculated and compared to the assumed damage limit. Full details can be found in [21; the main results are:
Orbit excunions of up to M mm should be tolerable without damage, up to nominal intensities, Emittance increases of x2 / x4 are safe at 45OGeV / 7TeV respectively, but may produce Q4 quenches at low energy for large orbit excunions, The 14/15 MKD case will produce losses on the TCDS and a quench of the Q4 magnet.
